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摘  要 
光化学蒸气发生技术（PCVG）应用于痕量元素分析方面具有诸多优势：由
于它是一种气体进样技术，其样品传输效率几乎接近 100%；实现了分析物与样
品基体的分离，从而减少基体对检测过程的干扰；挥发性产物经气液分离后被引
入检测器，避免了液体进样时原子化器/离子源温度降低，进而影响方法性能的
情况；添加的小分子有机试剂还原性较弱，过程中产生的氢气量较少，有利于后
续检测仪器的稳定；试剂最终光解为 H2O、CO2等小分子，对环境十分友好。正
因为这些优点，PCVG 受到越来越多分析工作者的关注，并开展了大量的元素分
析、形态分析、机理研究、相关硬件研发等方面的研究工作。可见，PCVG 技术
在痕量元素分析方面有很好的应用前景。然而，应用该技术进行元素分析的研究
目前仅限于 Se、Ni、Hg、As、Fe、Co 等十余种元素。为了扩展该技术的应用范
围，需要建立其他元素的 PCVG 分析方法。本研究工作采用高效的光化学蒸气
发生装置，结合流动注射体系（FI）以及高灵敏的 ICPMS 检测技术，建立了 Sn、
Pb、Ge 等元素的 FI-PCVG-ICPMS 分析方法，从而实现 PCVG 技术在痕量元素
分析方面的拓展。主要内容和结果如下： 
（1）首次利用自制的光化学蒸气发生装置得到稳定可靠的 Sn 的 PCVG 信
号，并将其用于痕量 Sn 的测定。通过优化小分子有机酸的种类及浓度、照射时
间、载气流量等条件，建立了 FI-PCVG-ICPMS 测定水样中无机 Sn 的方法。方
法精密度为 4.5%（0.1 μg/L，n = 5），检测限（LOQ，10σ，n = 10）为 0.018 μg/L，
方法空白为 0.032 μg/L。考查了 H+、Cl-、I-、甲醇、乙醇等对 Sn 的 PCVG 的影
响，结果表明，HCl 和乙酸添加量一定的条件下，当 Cl-浓度大于 7 mmol/L 时，
Sn 的 PCVG 效率将受到抑制。比较了自来水基体和湖水基体中 Sn 的 PCVG 效
果，结果表明该方法基本不受湖水基体影响，而对于自来水样品，可能由于某些
阴离子的存在，基体效应明显。本研究采用标准加入法和标准校正曲线法两种方
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法分析了湖水样品中的痕量 Sn，结果较一致，进一步证明了该方法对湖水样品
的适用性。 
（2）优化了无机酸种类及浓度、有机酸种类及浓度、照射时间、载气流量
等条件，建立了 Pb 的 PCVG-ICPMS 的测定方法。方法精密度为 4.4%（0.1 μg/L，
n = 5），检测限（LOQ，10σ，n = 10）为 0.012 μg/L，方法空白为 0.023 μg/L。
考查了 Cl-、NO3
-、SO4
2-等无机阴离子对 Pb 的 PCVG 的影响，结果表明三种离
子的量达到一定浓度后，对 Pb 的 PCVG 过程均有抑制作用：Cl- < SO4
2-
 < NO3
-。
本研究采用标准校正曲线法和标准加入法两种方法测定了湖水样品中的 Pb，证
明了该方法对湖水样品的适用性。 
（3）首次发现 Ge 在一定条件下可以进行 PCVG，并得到了可靠的 PCVG
分析信号。考查了有机酸种类及浓度、照射时间等条件对 Ge 的 PCVG 信号的影
响，初步建立了 Ge 的 PCVG-ICPMS 测定方法。方法精密度为 0.2%（0.1 mg/L，
n = 5），检测限（LOQ，10σ，n = 7）为 6 μg/L。由于该方法检测限较高，又因
为时间有限，并未找到合适的实际样品进行分析。 
（4）系统研究了几十种元素分别在不同条件下的 PCVG 效果，选取 PCVG
条件相近的几种元素，考查小分子有机酸的种类及浓度、无机酸的种类及浓度、
照射时间、载气流量等因素对各个元素 PCVG 信号的影响。在添加乙酸条件下，
建立了同时测定 As、Se、Sn、Sb、Te、Hg、Bi 和 Pb 等 8 种元素的 PCVG-ICPMS
分析方法，检测限分别为 0.039、0.020、0.023、0.001、2.2、0.0009、0.053 和 0.026 
μg/L。 
 
关键词：光化学蒸气发生；电感耦合等离子体质谱；锡；铅；锗；湖水厦
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Abstract 
As one of the most promising CVG techniques, photochemical vapor generation 
(PCVG) has numerous advantages on the application of trace element analysis. 
Because it is a gas sampling technique, its analyte transport efficiency is very high 
and nearly 100%; it separates the analyte from the matrices and decreases the matrix 
effect on detection; volatile products are separated from the liquid phase before the 
introduction to the detector, which can avoid the temperature decrease of the 
atomizer or ion source caused by liquid sampling and the negative effect on the 
analytical performance; the reducibility of low molecular weight (LMW) organic 
acids added were weak, and only a small amount of hydrogen was generated during 
the PCVG procedure, which was beneficial to the stability of the subsequent 
detection; the LMW organic acids was finally decomposed into smaller molecules, 
such as H2O and CO2, which was very environmentally - friendly. And just because 
of these advantages, PCVG was drawing more and more attention from the 
analytical researcher. Many aspects of the PCVG studies had been carried out, such 
as analytical method development, speciation analysis, mechanisms of the PCVG, 
the apparatus development, and so on. In view of this, the PCVG technique has good 
application prospect on the analysis of trace elements. However, the research about 
PCVG was limited to only about ten elements, including Se, Ni, Hg, As, Sb, Bi, Fe, 
Co, Ni, and so on. To expand the application range of this technique, analysis 
methods with PCVG of other elements should be developed. In this study, a 
FI-PCVG-ICPMS system which consists of a high efficient PCVG device, a flow 
injection system and a ICPMS with high detection power was used to develop 
analytical methods of Sn, Pb, and Ge and to expand the application of the PCVG 
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technique on the trace element analysis. The research contents and results are 
summarized as follows: 
(1) For the first time, reliable signals with online PCVG and ICPMS detection 
have been obtained and were used for analysis of trace levels of Sn. After the 
optimization of the type and concentration of LMW organic acids, the irradiation time 
and the carrier gas flow rate, a method of FI-PCVG-ICPMS used for analysis of trace 
levels of Sn was proposed. The precision of the method was 4.5%（0.1 μg/L，n = 5），
limit of quantification (LOQ，10σ，n = 10) was 0.018 μg/L，and the method blank was 
0.032 μg/L. The effect of H+, Cl-, I-, methanol and ethanol on the PCVG signal of Sn 
had been investigated. The results showed that the PCVG signal of Sn was suppressed 
when the concentration of KCl was more than 7 mmol/L and the addition amount of 
HCl and acetic acid were fixed. When comparing the PCVG of tin in tap water with 
that in lake water, it was found that the PCVG signal was not affected by the matrices 
of lake water. However, the matrix effect of tap water was obvious, maybe due to 
some anions existence. In the study, the standard addition method and standard 
calibration method had been used to analyze the concentration of Sn in lake water. 
The results with two methods were comparable, which further verified the 
applicability of the method to lake water samples. 
(2) Several parameters relating to the PCVG of Pb, including the type and 
concentration of inorganic acids and organic acids, the irradiation time, and the carrier 
gas flow rate, had been investigated. A method of FI-PCVG-ICPMS for trace level of 
Pb has been developed. The method precision was 4.4% (0.1 μg/L, n = 5). The LOQ 
was 0.012 μg/L. And the method blank was 0.023 μg/L. Effect of some inorganic 
anions such as Cl
-
, NO3
-
, SO4
2-
 on the PCVG signal had been investigated. It was 
indicated that the PCVG signal of Pb was suppressed by three anions when certain 
additional concentrations were achieved, and the influence degree was Cl
- < SO4
2-
 < 
NO3
-
. The standard addition method and standard calibration method had been used to 
analyze the concentration of Pb in lake water. The results of the two methods were 
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comparable, which further verified the applicability of the method to lake water 
samples. 
(3) Using the FI-PCVG-ICPMS system as the previously mentioned one, it was 
demonstrated that the PCVG of Ge was amenable. Effect of several parameters 
including the type and concentration of organic acid, the irradiation time had been 
studied. A method of PCVG-ICPMS for the Ge analysis was preliminarily developed. 
The precision of the method was 0.2% (0.1 mg/L, n = 5). The LOQ of the method was 
6 μg/L. Owing to high LOQ and limited time, no appropriate pratical sample for the 
method application was conducted in this work.  
(4) The PCVG of several elements was investigated systematically under 
different conditions. Elements with similar PCVG reaction parameters were chosen as 
target analytes in the multi-element method development. Effect of the type of LMW 
organic acids and inorganic acids, the irradiation time and the carrier gas flow rate on 
the PCVG signal of these elements was investigated. With the acetic acid addition, a 
PCVG-ICPMS method for the determination of 8 elements, including As, Se, Sn, Sb, 
Te, Hg, Bi and Pb, was developed. The LOQs were 0.039, 0.020, 0.023, 0.001, 2.2, 
0.0009, 0.053 and 0.026 μg/L, respectively. 
 
Key words：photochemical vapor generation; inductively coupled plasma mass 
spectrometry; tin; lead; germanium; lake water 
 
 厦
门
大
学
博
硕
士
论
文
摘
要
库
  
 
Degree papers are in the “Xiamen University Electronic Theses and 
Dissertations Database”.  
Fulltexts are available in the following ways: 
1. If your library is a CALIS member libraries, please log on 
http://etd.calis.edu.cn/ and submit requests online, or consult the interlibrary 
loan department in your library. 
2. For users of non-CALIS member libraries, please mail to etd@xmu.edu.cn 
for delivery details. 
厦
门
大
学
博
硕
士
论
文
摘
要
库
